The success of some invasive tree species is attributed, in part, to high fecundity in the form of sexual propagules. If invasive trees produce more seed annually than co-occurring native trees, they will have a greater ability to disperse and establish across the landscape. In this study, seed production of female Ailanthus trees was investigated to determine (1) reproductive age limits; (2) annual and cumulative seed output; and (3) seed viability. Existing data on Ailanthus seed production were combined with a novel dataset to compare variability in seed production and explore relationships with tree diameter and age. Results from this study showed Ailanthus' reproductive window is exceptional, spanning more than a century, with seed viability exceeding 65% from a 104-year-old individual. Germination studies and complementary tetrazolium assays also confirmed high propagule viability from a 7-year-old Ailanthus and supports tetrazolium assays as a proxy for germination studies. Not only can individual Ailanthus produce >1 million seeds annually, but a significant relationship exists between seed production and tree diameter. Using this relationship, cumulative seed production in individual Ailanthus can reach ca. 10 and 52 million seeds over a 40-year and 100-year period, respectively. This study provides a comprehensive investigation of various facets of the reproductive potential of Ailanthus.
Introduction
The invasive Ailanthus altissima (Mill.) Swingle (tree-of-heaven), a member of the mostly tropical Quassia family (Simaroubaceae), hereafter referred to as Ailanthus, was first introduced into the United States from England into Philadelphia, Pennsylvania in 1784. Early propagation by botanists and nurserymen was exclusively vegetative, which limited both the spread and widespread adoption of Ailanthus until ca. 1820, when seed-bearing (gynoecious) Ailanthus became established in the eastern United States [1] . By the late 1800s, Ailanthus' ability to spread naturally from seed was widely acknowledged [2] . At that time, seed-producing females were strongly promoted in ornamental plantings [3] and their seed spread naturally along well-traveled railway corridors [1] . Since that time, sexual reproduction and subsequent movement of seed across the United States along transportation corridors has played an important role in shaping Ailanthus' current population structure [4] . Ailanthus now occurs in more than 40 states, mostly as an urban and roadside weed, and is especially abundant in the Mid-Atlantic where it has resided for ca. 200 years [1, 4, 5] . Despite its long residency, widespread invasion of Ailanthus into eastern forests is relatively recent, with most invasions in Pennsylvania following salvage logging from widespread gypsy moth defoliations in the late twentieth century [1] . In Ohio, prescribed burning to enhance oak regeneration has also facilitated spread of Ailanthus in several areas of the state [6] . The impact of such large-scale invasions in forests and their adverse effects on native species richness and incidence have only been recently elucidated [7] [8] [9] [10] . Invasions of Ailanthus along transportation corridors have long been recognized, but only recently have studies assessed the mechanisms of spread in these environments [11] [12] [13] . Researchers are now beginning to appreciate the role that roads play in facilitating forest invasions [13, 14] .
Previous studies on Ailanthus seed production have reported reproductive outputs from several hundred thousand [15, 16] to several million seeds in a single year, with large inter-annual variation and tree size-dependent effects [17, 18] . Martin and Canham [18] reported Ailanthus out-produced other exotic invasive counterparts (e.g., Acer platanoides L.) and co-occurring native tree species by several orders of magnitude, but without the periodic seed crop failures common among many native species. Similarly, Cabra-Rivas and Castro-Diez [16] reported that Ailanthus showed greater seed viability than the invasive Robinia pseudoacacia L. and native Fraxinus angustifolia Vahl in Spain. Moreover, Ailanthus is unexpectedly fecund even in environments presumably less favorable for invasion such as closed canopy forests [9, 18] or as germinants following submergence in water [19, 20] . Recent studies have shown certain morphological characteristics (e.g., samara width) affect water dispersal positively, but affect wind dispersal negatively [11] .
The recent discovery that Ailanthus can produce seed beyond 100 years of age [1] , coupled with the fact that almost no data exists regarding the species' mean reproductive capacity and age-related seed production limitations, has raised questions about Ailanthus' actual reproductive outputs.
In this study, the minimum and maximum age at which female Ailanthus trees produce seed and to what extent tree and seed age influences seed viability was evaluated. Secondly, the maximum and mean annual seed outputs for Ailanthus were quantified. Finally, the cumulative number of seeds produced during Ailanthus' reproductive lifetime was modeled, and relationships between tree DBH (diameter at breast height, 1.4 m above soil line) and seed production were explored.
Materials and Methods

Seed Production
To study age-and size-dependent effects on seed reproduction as well as intra-specific variation within reproduction, 55 seed-bearing Ailanthus trees were sampled at various locations along transportation corridors throughout south-central Pennsylvania in August 2011 and 2012 (Table S1 ). Of the 55 sampled trees, 54 were destructively sampled (felled) for seed quantification and age determination. The location of the largest tree precluded removal and was instead cored with an increment borer to determine age [1] . Ten average-sized seed clusters were removed from this tree and six other additional destructively sampled forest trees for quantification. Total clusters were counted for total seed estimations, since it was impractical to collect all the seeds from these seven large trees. Small diameter seed-producing Ailanthus trees were targeted when present since there was insufficient/conflicting data on the minimum reproductive age of Ailanthus [21] [22] [23] . In addition, small diameter seed-producing trees were generally abundant along transportation corridors throughout the sampling area, thus providing a robust sampling population. Presumably some of these small diameter trees were sprouts arising from pre-existing root systems but could not be differentiated from seed-origin plants since roots were not excavated.
For each tree included in the study, one cross-section disk was removed at either DBH or ground level (for trees <1.4 m in height), or was sampled at DBH with an increment borer (Haglof Inc., Madison, MS, USA) to determine age. For felled trees, all available seed from the current year was collected into pre-labeled plastic bags. If seed was inadvertently released during felling, estimates of unrecovered seed were made in 5% intervals and recorded. For multi-stemmed trees (trees whose trunk forked below DBH), a cross-section was taken from each stem to compare ages and diameters of the conjoined stems. Diameters (cm) for the multi-stemmed trees were individually converted into basal area (BA = DBH 2 × 0.00007854 (constant)), summed, and converted to a single DBH value (DBH = (BA/0.00007854)). Basal area is defined as the cross-sectional area (m 2 ) of a tree stem at DBH. Basal area is defined as the cross-sectional area (m 2 ) of a tree stem at DBH.
In the lab, Ailanthus seed from each tree was air-dried for up to three weeks, after which seeds were placed into paper bags and maintained at room temperature. Mean seed weight (mg) including the samara was determined for 25 randomly selected seeds from each tree. Seed with damaged samaras were excluded from weight measurements. Total dried seed was weighed and number of seeds per tree estimated by dividing total seed weight by mean seed weight for each tree. For trees where only 10 seed clusters were sampled (n = 7), mean seed count was determined and multiplied by the number of seed clusters estimated per tree.
In addition to trees sampled specifically for this study, data from 21 seed-bearing trees from France [15] and two historic seed-bearing trees from Pennsylvania [17] , whose diameters and seed production were previously reported, were included in the master dataset to permit comparisons and analyses. Since ages of sampled Ailanthus were not reported for these two studies, only relationships between DBH and seed production were explored.
Germination Studies to Assess Seed Viability Based on Tree and Seed Age
For tree-age seed viability studies, 64 seeds with samaras per seed source were placed in a 15.2 × 25.4 cm plastic bag containing ca. 900 mL of potting soil mix (Sun Gro Horticulture Canada Ltd., Vancouver, BC, Canada) and 50 mL tap water. Seed was collected in late summer 2016 from two locations from Pennsylvania and five locations from West Virginia ( Table 1, Table S1 ). Trees included in the study ranged from 7 to 104 years old (Table 1) . Concurrently, 64 seeds with samaras per seed source for each of two seed-producing trees and 43 and 40 seeds per seed source for two additional seed-producing trees previously collected in Pennsylvania from 2008-2010 from female Ailanthus trees [1, 24] were treated similarly (Table 1) . For both germination studies, the seed/soil mix was maintained at 1.7 • C for 28 days, as previously reported [24] , after which seeds were placed into seed flats containing additional potting mix, transferred to a greenhouse, and misted daily until initial germination was observed. Upon germination, individual seedling wells were labeled with date of germination. As new seedlings emerged, additional wells were labeled for up to 4-weeks, after which no additional seeds germinated. Total germinants were counted and divided by the number of total seeds evaluated. 
Tetrazolium Assay to Evaluate Seed Viability Based on Seed and Tree Age
As a complementary experiment to the germination study, a blue tetrazolium chloride (TZ) test [25] was performed on three of the same 2016 seed collections used in the germination studies. Tree ages were 7, 20, and 104 years. Tetrazolium chloride is a redox indicator commonly used to confirm cellular respiration and has been used frequently as a proxy for germination studies [25] . One hundred seeds from each of three seed collections sampled in 2016 were randomly selected. The experiment was replicated twice. Seeds encased in their samaras were soaked for 14 h in distilled sterile water, after which seeds were cut in half, longitudinally bisecting the seed radical (embryo). If a seed was determined to be deteriorated or damaged during bisectioning, it was excluded from the TZ test but included in the overall count. For seeds that appeared to be sound, half of the seed was placed into a 96-well microtiter plate containing 1% tetrazolium chloride solution (Alfa Aesar Haverhill, MA, USA). Individual wells were capped and wrapped in foil due to the light sensitivity of the assay. Each plate was incubated in a water bath at 40 • C for 3 h, after which seeds were removed and scored based on the intensity of staining to the seed radicals. Following the TZ test, seeds were classified as positive (staining of radical only or complete staining of radical and hypocotyl) or negative (no staining) ( Figure 1 ). 
As a complimentary experiment to the germination study, a blue tetrazolium chloride (TZ) test [25] was performed on three of the same 2016 seed collections used in the germination studies. Tree ages were 7, 20, and 104 years. Tetrazolium chloride is a redox indicator commonly used to confirm cellular respiration and has been used frequently as a proxy for germination studies [25] . One hundred seeds from each of three seed collections sampled in 2016 were randomly selected. The experiment was replicated twice. Seeds encased in their samaras were soaked for 14 h in distilled sterile water, after which seeds were cut in half, longitudinally bisecting the seed radical (embryo). If a seed was determined to be deteriorated or damaged during bisectioning, it was excluded from the TZ test but included in the overall count. For seeds that appeared to be sound, half of the seed was placed into a 96-well microtiter plate containing 1% tetrazolium chloride solution (Alfa Aesar Haverhill, MA, USA). Individual wells were capped and wrapped in foil due to the light sensitivity of the assay. Each plate was incubated in a water bath at 40 °C for 3 h, after which seeds were removed and scored based on the intensity of staining to the seed radicals. Following the TZ test, seeds were classified as positive (staining of radical only or complete staining of radical and hypocotyl) or negative (no staining) ( Figure 1 ). 
Statistical Analyses
To examine age-DBH relationships and seed production-DBH relationships, two regression analyses were performed. For the age-diameter linear regression, datasets were analyzed individually and combined. External validation methods (R 2 ) were used to assess model validity. Assumptions of linearity and homoscedasticity (equal variances) were tested and data was square root transformed to meet required assumptions. To analyze DBH-seed production relationships, data was Ln transformed, after which a goodness of fit test (Shapiro-Wilk W test) was used to test for normality. Statistical analyses were conducted using Minitab 17.1.0 (Minitab Inc., State College, PA, USA).
Results
Seed Production
Mean seed production ranged from 40-996,000 seeds per tree with a mean of ca. 70,000 seeds for all trees sampled from across the three studies (Figures 2 and 3A) . Mean seed production per tree was ca. 32,000 seeds (range: 40-686,000) for the 55 Pennsylvania trees included in the current study, ca. 86,000 seeds (range: 240-325,000) for 21 trees reported by Bory and Clair-Maczulajtys [15] , and ca. 940,000 seeds (range: 880,000-996,000) for the two large Ailanthus trees reported by Illick and Brouse [17] ( Figure 3A , Table S1 ). 
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Results
Seed Production
Mean seed production ranged from 40-996,000 seeds per tree with a mean of ca. 70,000 seeds for all trees sampled from across the three studies (Figures 2 and 3A) . Mean seed production per tree was ca. 32,000 seeds (range: 40-686,000) for the 55 Pennsylvania trees included in the current study, ca. 86,000 seeds (range: 240-325,000) for 21 trees reported by Bory and Clair-Maczulajtys [15] , and ca. 940,000 seeds (range: 880,000-996,000) for the two large Ailanthus trees reported by Illick and Brouse [17] (Figure 3A , Table S1 ). in the current study, 388 seeds (range: 32-500) for 21 trees reported by Bory and Clair-Maczulajtys [15] , and 959 seeds (range: 703-1364, n = 4 clusters) for one tree reported by Illick and Brouse [17] .
The greatest seed-producing trees in the combined dataset were from Pennsylvania. These include two trees reported by Illick and Brouse [17] (Figures 2 and 3A, Table S1 ). in (Figures 2 and 3A, Table S1 ). Mean seed production per seed cluster for Ailanthus ranged from 32-1452 seeds, with a mean of 543 seeds per cluster for all 29 trees included in this and two previous studies. Mean seed production per cluster was 567 seeds (range: 91-1452, n = 70) for the seven sampled Pennsylvania trees included in the current study, 388 seeds (range: 32-500) for 21 trees reported by Bory and Clair-Maczulajtys [15] , and 959 seeds (range: 703-1364, n = 4 clusters) for one tree reported by Illick and Brouse [17] .
The greatest seed-producing trees in the combined dataset were from Pennsylvania. These include two trees reported by Illick and Brouse [17] , which produced ca. 880,000 and 996,000 seeds per tree,
respectively, and tree PA-62, located on the campus of Penn State University, which produced ca. 685,000 seeds in 2012 (Figures 2 and 3A , Table S1 ).
Mean diameter of Ailanthus trees sampled in Pennsylvania from 2011-2012 (11.3 cm) was similar to Ailanthus sampled from France in ca. 1980 (13.1 cm). However, significantly larger diameter trees were included in the Pennsylvania study (max DBH = 115 cm) compared to trees sampled across France (max DBH = 30 cm) ( Figure 3B , Table S1 ). Trees reported by Illick and Brouse [17] had diameters of 20.3 and 30.5 cm ( Figure 3B) . The results of this study support an upward trending relationship between seed production and tree DBH (Figure 2) . Indeed, the top 10 highest seed-producing Ailanthus trees from the combined dataset averaged 30.0 cm DBH (range 13-115 cm) and produced ca. 4 million seeds compared to the 10 lowest seed-producing Ailanthus, which accounted for ca. 2300 seeds, with a mean DBH of 3.8 cm (range 2.4-7.6 cm) (Figure 2 , Table S1 ).
The mean age of the seed producing Ailanthus trees sampled across south-central Pennsylvania was 17 years, with a range from 4-104 years ( Figure 3C , Table S1 ). The oldest tree reported here, PA-62, was exceptional in both seed production and age, with an estimated 685,000 seeds produced in 2012 at 99 years of age. Seed collected in both 2008 and 2016 from PA-62 were used in the germination assays.
Regression analysis revealed a significant positive linear relationship between Ailanthus age and DBH, with DBH being a strong single predictor of age for both individual and combined datasets ( Figure 4 ). DBH accounted for 76% and 83% of the observed variability in ages for trees sampled for this study and a previous study by Kasson et al. [1] , respectively, and 87% of variability in the combined analysis ( Figure 4 ). Using these results, the ages of the Pennsylvania trees reported by Illick and Brouse [17] were estimated to be 21 years old (20.3 cm DBH) and 29 years old (30.5 cm DBH) (Table S1 ). Estimated ages for French trees reported by Bory and Clair-Maczulajtys [15] averaged 15 years with a range of 4-29 years, the latter of which was the predicted age for the Ailanthus tree that produced their commonly cited 325,000 seeds (Table S1) . Mean diameter of Ailanthus trees sampled in Pennsylvania from 2011-2012 (11.3 cm) was similar to Ailanthus sampled from France in ca. 1980 (13.1 cm). However, significantly larger diameter trees were included in the Pennsylvania study (max DBH = 115 cm) compared to trees sampled across France (max DBH = 30 cm) ( Figure 3B , Table S1 ). Trees reported by Illick and Brouse [17] had diameters of 20.3 and 30.5 cm ( Figure 3B) . The results of this study support an upward trending relationship between seed production and tree DBH (Figure 2) . Indeed, the top 10 highest seedproducing Ailanthus trees from the combined dataset averaged 30.0 cm DBH (range 13-115 cm) and produced ca. 4 million seeds compared to the 10 lowest seed-producing Ailanthus, which accounted for ca. 2300 seeds, with a mean DBH of 3.8 cm (range 2.4-7.6 cm) (Figure 2 , Table S1 ).
Regression analysis revealed a significant positive linear relationship between Ailanthus age and DBH, with DBH being a strong single predictor of age for both individual and combined datasets ( Figure 4 ). DBH accounted for 76% and 83% of the observed variability in ages for trees sampled for this study and a previous study by Kasson et al. [1] , respectively, and 87% of variability in the combined analysis (Figure 4 ). Using these results, the ages of the Pennsylvania trees reported by Illick and Brouse [17] were estimated to be 21 years old (20.3 cm DBH) and 29 years old (30.5 cm DBH) (Table S1 ). Estimated ages for French trees reported by Bory and Clair-Maczulajtys [15] averaged 15 years with a range of 4-29 years, the latter of which was the predicted age for the Ailanthus tree that produced their commonly cited 325,000 seeds (Table S1 ). Regression analysis of the combined Ailanthus dataset revealed a significant relationship (R 2 = 0.66) between Ln number of seeds and Ln DBH (cm), indicating that DBH alone accounted for ca. 66% of the variability in seed production ( Figure 5 ). Although the model was developed to estimate Ailanthus seed production for trees with a specific DBH, the model can also provide estimates of cumulative seed production for the lifetime of an individual Ailanthus. For example, the lifetime seed production of a 50 cm DBH Ailanthus is estimated to be ca. 10 million seeds. Because age-DBH relationships were also explored, it is assumed this estimate of 10 million seeds encompasses a reproductive window of ages 4-43 years (Figure 4) . Since the average growth of these trees per year was not determined, cumulative seed production was estimated per year and summed. The lifetime seed production of a 115 cm Ailanthus, such as tree PA-62, is estimated to be around 52 million seeds. Regression analysis of the combined Ailanthus dataset revealed a significant relationship (R 2 = 0.66) between Ln number of seeds and Ln DBH (cm), indicating that DBH alone accounted for ca. 66% of the variability in seed production ( Figure 5 ). Although the model was developed to estimate Ailanthus seed production for trees with a specific DBH, the model can also provide estimates of cumulative seed production for the lifetime of an individual Ailanthus. For example, the lifetime seed production of a 50 cm DBH Ailanthus is estimated to be ca. 10 million seeds. Because age-DBH relationships were also explored, it is assumed this estimate of 10 million seeds encompasses a reproductive window of ages 4-43 years (Figure 4) . Since the average growth of these trees per year was not determined, cumulative seed production was estimated per year and summed. The lifetime seed production of a 115 cm Ailanthus, such as tree PA-62, is estimated to be around 52 million seeds. . Relationship between number of seeds produced by Ailanthus altissima and diameter at breast height (DBH, cm). Cumulative seed production for an individual A. altissima over its lifetime, as it grew from 1-49 cm in diameter, was estimated to be ca. 10 million seeds.
Germination Studies to Assess Seed Viability Based on Seed and Tree Age
Germination rates for seed collected in 2016 ranged from 1.6-78.1% (Table 1) . No age-related trends were apparent, as both the oldest and youngest seed-producing trees had similarly high germination rates of 65.6% and 78.1%, respectively. For historic seed sources collected from 2008-2012, germination rates ranged from 0-26.5% (Table 1) . More recently collected seed appeared to have higher germination success compared to seed collected in 2009 and 2008, although only three seed sources were compared. Nevertheless, seed collected 7-9 years prior to this study and stored under ideal lab conditions (dry and cool) did germinate.
Tetrazolium Assay to Evaluate Seed Viability Based on Seed and Tree Age
Results for the seed collected in 2016 using the TZ test supported the results of the germination study, with 22%, 70%, and 62% viability as compared to 16%, 78%, and 66% germination for seed sources WV-02, PA-61, and PA-62, respectively (Table 1) . Viability among replicates for individual seed sources were similar, with a range of 17-26% viability for WV-02, 67-72% viability for PA-61, and 55-69% viability for PA-62 (Table 1) . These results indicate the TZ test provides a robust evaluation of seed viability and may serve as a suitable substitute for germination studies of A. altissima.
Discussion
Seed Production
Although annual seed production for Ailanthus trees sampled in this study and from the two historic reports varied considerably, seed production was generally positively related to tree diameter, which validates previous studies (Figure 2 ; [15, 23] ). Martin and Canham [18] estimated mean seed production of a 30-cm DBH Ailanthus tree in a forested stand at ca. 2 million seeds (range: 564,000-3,793,000). However, these estimates (that resulted from inverse modeling) did not address the issue of which individual tree was contributing seeds and, therefore, cannot be directly compared with mean seed production reported herein. Nevertheless, their data generally support the current study's results; large Ailanthus trees can produce >1 million seeds per year [18] . This far exceeds the 325,000 seeds per tree per year reported by Bory and Clair-Maczulajtys [15] .
In comparison to Ailanthus, Martin and Canham [18] reported that the invasive Acer platanoides can produce ca. 27,000 seeds annually, but with a dramatic decline in seed production over time, suggesting that seed inundation likely contributes less to the invasiveness of this species compared to Ailanthus. Not surprisingly, few other invasive perennial woody species in the United States have Figure 5 . Relationship between number of seeds produced by Ailanthus altissima and diameter at breast height (DBH, cm). Cumulative seed production for an individual A. altissima over its lifetime, as it grew from 1-49 cm in diameter, was estimated to be ca. 10 million seeds.
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Discussion
Seed Production
In comparison to Ailanthus, Martin and Canham [18] reported that the invasive Acer platanoides can produce ca. 27,000 seeds annually, but with a dramatic decline in seed production over time, suggesting that seed inundation likely contributes less to the invasiveness of this species compared to Ailanthus. Not surprisingly, few other invasive perennial woody species in the United States have annual seed production that surpasses Ailanthus. One exception, velvet tree (Miconia calvescens DC.) in Hawaii, can produce 5-8 million seeds annually and is listed in the top 100 world's worst invasive alien species (http://www.issg.org/worst100_species.html) [26, 27] . The broad-leaved paperbark tree (Melaleuca quinquenervia (Cav.) S.T. Blake), which has invaded the Florida Everglades, also can produce ca. 1 million seeds annually and store up to 20 million seeds produced over successive years in small woody seed pods until conditions favor germination [28] . Saltcedar (Tamarix spp. L.), which has devastated freshwater riparian ecosystems throughout the southwestern United States, can produce up to ca. 500,000 seeds per tree per year [29] . However, unlike paperbark tree seeds, saltcedar seeds are exceptionally short-lived (ca. <5 weeks) and must come in contact with suitable moisture shortly after dispersal to ensure germination [29] . This suggests, as with Acer platanoides, saltcedar deploys other strategies to facilitate invasion [29] .
Seed data from Ailanthus sampled in Pennsylvania indicate these populations had >30% more seeds per cluster compared to trees reported from southern France despite having less total seeds/tree, which may be in part explained by strong positive height-seed production relationships in southern France's Mediterranean climate [23] . The greater seed production among larger trees may reflect greater crown volume to capture sunlight and a correspondingly larger root biomass to absorb soil moisture and nutrients [30] . In addition, previous studies by Kowarik and Säumel [23] showed strong positive height-seed production relationships, which were not explored in this study. Regardless of the factors driving seed production, the results emphasize the significant numbers of seeds and resulting seedlings that a few dozen large trees could produce in a landscape, especially following a major site disturbance downwind/downstream of large seed-producing Ailanthus trees.
Some of the young roadside seed-bearing Ailanthus trees sampled in this study were likely vegetative sprouts arising from pre-existing root systems, probably due to wounding during roadside mowing or trimming. However, the growth form and isolated nature of other young Ailanthus saplings suggests that such trees were likely of seed-origin, supporting the fact that Ailanthus saplings as young as four years of age can produce seed.
In this study, it was determined DBH was a strong predictor of seed production from Ailanthus trees sampled throughout Pennsylvania. Tree DBH-seed/fruit production relationships for other tree species have been reported [30] [31] [32] [33] . Studies on big-leaf mahogany (Swietenia macrophylla King) in the neotropical forests of southern Mexico [30] and Brazil nut (Bertholletia excelsa Humb. and Bonpl.) in northwestern Brazil [33] not only showed that nut production increased with stem diameter, but large trees were more consistent nut producers with limited seed crop failures. Furthermore, Kainer et al. [33] reported that DBH alone explained >50% of the variability in seed production among individuals. In North America, Ares and Brauer [31] and Healy et al. [32] reported nut yield for black walnut (Juglans nigra L.) in south-central United States (R 2 = 0.55) and northern red oak (Quercus rubra L.) in Massachusetts (R 2 = 0.54), respectively, was significantly and positively related to tree DBH. These estimates may be conservative in that large Ailanthus trees seem to have fewer seed crop failures [18] .
Seed Viability
Although seed viability was not assessed for the 4-5-year-old Ailanthus included in this study, viability of such seed has been previously reported for small diameter sprouts [23] . Nevertheless, seed viability was confirmed from at least one 7-year old tree included in this study with a 78.1% germination rate and 70% seed viability based on a tetrazolium test. Two slightly older trees also included in this study, ages 12 and 16, had much lower germination rates (<20%) despite being part of the same 2016 collections from the same geographic region. These observations support there being other factors (i.e., genetics, microenvironment) that influence seed viability [9, 34, 35] .
The oldest tree assessed in this study (PA-62), a 104-year-old female located on the campus of Penn State University, had a high germination rate of 65.6% and 62% seed viability based on the TZ test. Overall, the tetrazolium test appears to be a reliable proxy for germination based on the reported sampling sizes and replications.
Previous seed germination studies from PA-62 reported similarly high germination rates [1] . Coupled with the ca. 700,000 seeds produced annually by this tree, almost half a million viable offspring are produced each year. This is in sharp contrast to a 114-year-old Ailanthus (HSAa29) in Philadelphia observed with seed production 3-4 orders of magnitude lower than the PA-62 in 2011 [1] . Observations in 2017 of this same tree in Philadelphia indicate that this tree may have stopped producing seed altogether. Although viability of seed from the Philadelphia Ailanthus was not determined, low seed production may suggest fecundity is more variable in advanced age and influenced by other mitigating factors [36] . For example, pollarding (pruning of upper branches to promote dense foliage and branches) was observed in HSAa29, which has been associated with losses in seed production and diameter growth in both strychnine tree (Strychnos nux-vomica L.) and Eucalyptus spp. L'Heritier in India [37, 38] . Furthermore, the inherent costs associated with maintenance of sexual reproduction may eventually give way to exclusively asexual reproduction in older trees, which was evidenced by the numerous vegetative sprouts found growing under tree HSAa29.
Conclusions
The remarkable success of Ailanthus invasion into the United States is due in part to prolific seed production and prolonged fecundity. In this study, it was established that Ailanthus seed production can begin as early as 4-5 years and can extend >100 years, at which time seed viability can exceed 65%. Total lifetime seed production is dependent upon the individual lifespan of the tree, but females that live 40 years will easily produce 10 million seeds during their lifetime, whereas exceptionally fecund long-lived trees may produce in excess of >50 million seeds. Seed viability varied somewhat among individuals, but seed from both the youngest and oldest individuals assayed in this study (ages 7 and 104 years) had viability >65%. The prolonged reproductive window, as noted in at least two aging Ailanthus trees in Pennsylvania (104 and 114 years as of 2017), ensures the continued reproductive success of this species, since old female trees can produce tens of millions of seeds over their lifetime. Thus, Ailanthus not only has an advantage over competitors by having an early reproductive start at 4-5 years of age, but the consistent, prolific annual seed production ensures that adequate Ailanthus seed will be present during any year that a site is disturbed, and that such sites can be readily colonized by Ailanthus seedlings.
Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/7/226/s1, Table S1 : Tree-level data for gynoecious Ailanthus altissima included in the study.
